In this paper, we present an analysis of seismic spectra that were calculated from all broadband channels (BH?) made available through IRIS, NIED F-net and Orfeus servers covering the past five years and beyond. A general characterization of the data is given in terms of spectral histograms and data-availability plots. We show that the spectral information can easily be categorized in time and regions. Spectral histograms indicate that seismic stations exist in Africa, Australia and Antarctica that measure spectra significantly below the global low-noise models above 1 Hz. We investigate world-wide coherence between the seismic spectra and other data sets like proximity to cities, station elevation, earthquake frequency, and wind speeds. Elevation of seismic stations in the US is strongly anti-correlated with seismic noise near 0.2 Hz and again above 1.5 Hz. Urban settlements are shown to produce excess noise above 1 Hz, but correlation curves look very different depending on the region. It is shown that wind speeds can be strongly correlated with seismic noise above 0.1 Hz, whereas earthquakes produce seismic noise that shows most clearly in correlation around 80 mHz.
of non-permanent stations that are being moved since 2007 from the west coast of the US towards the east. In the future, when the systematic download and processing of data before 2007 from all three servers is continued, the number of stations included in our dataset is likely to increase.
II. DATA PROCESSING
We have acquired seismic data that are publicly available through servers in Japan (F- In the future, it will be possible to continue the systematic download and processing of data year by year going further into the past allowing us to carry out long-term studies of seismic data.
The plots in figure 1 give a more detailed view on data availability as a function of time and total amount of data provided by each station. Most stations recorded data for more than one year. The peak in the histogram around 20 months contains the stations of the Transportable Array (TA).
In preparation for this study, seismic spectra were calculated with sufficiently high time resolution so that, for example, diurnal variations or correlations with average wind speeds could be studied more accurately. One data file was generated per station per day for each channel BH? of a 3-axis broadband seismometer. Every data file contains the station name, its latitude/longitude, and the calibration factor of the raw data. The spectra stored in the files are already divided by the calibration factor, which is saved so that we can recalibrate data at a later time if necessary. A day is divided into 8 segments and for each of these 3-hour stretches, we calculated power spectral densities. The spectra are based on 128 s FFTs using a Nuttall window. Since only 84 of these spectra can be calculated per segment without overlap, percentile curves of the seismic spectra would show high variation. Therefore, we instead decided to calculate two different average spectral densities (with N = 84):
The logarithmic average provides a spectrum that is less susceptible to occasional strong disturbances. In addition to these average spectra, the mean value of every 3-hour time series is also stored in the file together with a frequency vector and a time vector with starting times for each 3-hour segment. Finally, information is stored about the number of samples that were actually present in each 3-hour stretch.
The complete distribution of stations that contributed to this study is shown in figure 2 .
The colors indicate the number of days of data recorded by each station. Station density is
The plot shows the location of seismic stations that provided data analyzed for this paper.
The colors indicate the number of days of data obtained from these stations. In the following, when we refer to data from specific continents, then we mean the 7 regions that are indicated in this plot.
exceptionally high in the US, Europe and Japan, but it should be kept in mind that many US stations were only temporarily installed as part of the TA.
III. SEISMIC SPECTRA
Seismic fields are non-stationary and vary significantly from one location to the other.
Their properties can depend on distance to populated areas, distance to the coast, local earthquake rate, local average wind speeds, and geological features. We will study some of these links in the next section. In this section, we present spectra averaged over many years and stations.
We first describe our method to combine spectra from different stations in networks for regional or global plots. In order to account for local station density, we calculate a Delaunay triangulation from station locations for each continent and use triangle areas as weights. The triangulation is carried out after mapping the station coordinates via a Lambert equal-area map projection. The first step is to identify collocated stations (stations closer than 1 km to each other) to avoid double counting and to obtain better results for the triangulation. Next, the largest 10% of all triangles in the same region are removed. This step is necessary to avoid artifacts from gaps in networks, especially on continents like Africa or most part of Asia, where a single outlier (e. g. a station being close to an urban settlement) could be overemphasized if it is associated with a large triangle area. Each triangle is assigned a spectrum that is the average of spectra of the three stations at its corners. The overall average spectrum is calculated by using the triangle areas as weights. A similar scheme is applied to the spectral histograms that are shown in figure 3 . Here, the histograms from corner stations of triangles are added to obtain a histogram for the triangle. Then histograms from all triangles are summed again using triangle areas as weights. The global percentiles shown in figure 4 are obtained by combining histograms from all 7 continents using the sum of areas of all triangles on a continent as weighting scheme. The 10th percentile is close to the low-noise model as was already pointed out in [3] .
Due to diurnal variations in factors such as anthropogenic activity or potentially climatic variations, it can be expected that the ambient seismic spectrum be different during the day and at night. To test this, we calculate a local station time according to
and then calculate medians of 3-hour stretches of local time individually over all stations as described previously. The result is shown in figure 5 . All curves are divided by the midnight spectrum 12am -3am, which serves as a reference. As one would expect, seismic noise is larger during the day except for the frequency range of the oceanic microseisms. The absolute value of diurnal variation is different for different types of spectra. For example, the variation becomes larger when going from low to high percentiles. This means that not only the stationary part of the seismic field is stronger, but also that seismic disturbances are more frequent during the day.
We now seek to understand how the seismic spectra change as a function of time strongly linked to climatic trends. For this study, only stations have been included that produced data every month within these 5 years (in other words, data production was continuous, but occasional brief down-times were accepted).
IV. CORRELATIONS WITH SEISMIC SPECTRA
We used the seismic spectra to correlate with other data sets. Spatial correlations were calculated between seismic spectra and topography and population density as shown in figure   7 , whereas temporal correlations are evaluated between seismic spectra and wind speed and earthquake data as shown in figure 8 .
We have acquired surface topography data covering the United States from the National picture may change over the next years when the TA moves into the eastern part of the US that has higher population density and smaller elevation. It should be noted that since the majority of stations in the US were or are part of the TA moving from the west to the east, US-wide changes of average seismic spectra over time could in principle contribute to the topographic correlation (e. g. if seismic spectra happened to be weak everywhere in the US while the TA was mostly located in the Rocky Mountains). However, the US-wide average spectral density as a function of time does not show any significant trends at any frequency so that we can conclude that the result in figure 7 is in fact determined by spatial correlations.
We have also acquired population numbers and locations for the 10,000 highest populated cities throughout the world (including cities with less than 50,000 citizens) to evaluate a correlation between seismic spectra and population numbers. We first identified all cities that lie within 50 km to each seismic station. A station that is more than 50 km away from any city was excluded. As the intention is to evaluate the correlation individually for various regions in the world, we restrict the analysis to Japan, Europe and the US, which all have sufficiently high numbers of seismic stations and population density. For each seismic station,
we divide the population of every city within 50 km by its distance to the seismic station and add these numbers. These sums are then correlated for all frequencies with the logarithms of the 90th percentiles of seismic spectra. The result can be seen in the right plot of Fig. 7 .
We found that whereas the absolute coherence values depend significantly on details about how a figure-of-merit is calculated from city populations, the shape of the three curves only depends weakly on it. This is true for the generic feature that coherence increases with frequency, but also for more special features like the drop of coherence in Japan around 0.6 Hz and close to 10 Hz, and the local coherence maxima of Europe and Japan around 0.15 Hz. The explanation for the decrease of coherence in Japan at higher frequencies is that many F-net stations are located tens of meters underground, which prevents higherfrequency anthropogenic noise to reach the seismometers. We have no conclusive explanation for why seismic spectra in Japan are weaker around 0.6 Hz when the stations are closer to urban population. One possible cause could be that most F-net stations lie simultaneously in regions with large cities and distant from the coast. In contrast, the high-population samples of most US seismic stations come from the west coast (although the TA is about to enter the high-population regions in the east within the next years). In general, coherence values below 1 Hz are too small for an unambiguous interpretation of the results.
We calculated a temporal correlation between the occurrence of earthquakes and seismic spectra. We have acquired information about global earthquakes for the years 1998-2011 from the United States Geological Survey's National Earthquake Information Center "Preliminary Determinations of Epicenters" project. To construct a time series of global seismic activity, we first exclude all events with magnitudes smaller than 4.4. This value was chosen as the histogram of all earthquake events indicates that a significant fraction of events remains undetected (due to regional gaps in seismic networks) when event magnitude is smaller than 4.4. Therefore, we excluded all these events to avoid a bias from local network density. For each seismic station, a time series of earthquake events is generated, splitting each day into three hour segments. More specifically, the magnitudes are first converted The coherence spectrum of each station contributes to a histogram that is shown in the left plot of figure 8 . The plot also contains the 10th, 50th and 90th coherence percentiles. For example, the 10th percentile is very close to zero coherence, which means that less than 10% of all seismic stations are weakly affected by earthquakes. Many of these stations lie far from active earthquake zones and are located in regions with strong ambient noise at low-frequency so that many earthquake events leave no trace in 3-hour averaged spectra.
Coherence with all percentiles peaks around 80 mHz. The 90th percentile has a second weaker local maximum around 0.5 Hz.
As a final example, we present correlations between wind speeds and seismic spectra.
The wind data was obtained from the National Climatic Data Center. The correlation is calculated in a similar fashion to the earthquake correlation. Wind time series were generated for each wind station that is collocated (within 50 km) with a US seismic station.
Wind data is first averaged over 3-hour stretches to match the sampling rate of the seismic systematically. Figure 9 shows the location of seismic stations that were used for the windcorrelation analysis. The marker sizes and colors both indicate the coherence value at 1 Hz.
Most stations with high wind coherence can be found at the coast. Stations deeper inside the continent typically have very small coherence values, but there are also some high-coherence outliers.
V. CONCLUSION
We presented a seismic analysis based on a new global data set of seismic spectra. Data from more than 3500 seismic broadband seismometers have been processed and stored as 3-hour spectral averages. The processing is complete for the past 5 years; in the future, it will be completed to fill years further back into the past. The paper shows a number of results that can be obtained from the data with relative ease. Stations were grouped geographically to obtain continent specific spectral histograms shown in figure 3 . The 3-hour time resolution also allowed us to evaluate globally averaged diurnal variations that were presented in figure 5 .
Comparison to other data sets provides interesting connections and insight to sources of seismic noise. We presented two examples for spatial correlations and two examples for temporal correlations. Spatial correlations were evaluated between seismic spectra and station elevation, as well as between seismic spectra and proximity to urban settlements. Figure 7 shows the results that were either subdivided into correlations with different seismic percentiles or into different continents. Results for two temporal correlation measurements were presented in figure 8 . The first example is the correlation in time between earthquakes using magnitude weights depending on epicentral distances to all stations. The second example is the correlation between wind speeds and seismic spectra. Especially the histogram of wind correlation shows that some stations exist with surprisingly high coherence values above 0.1 Hz.
Many more results can easily be obtained from the spectral data. For example, Google
Earth files have been generated showing how microseismic peak amplitudes evolve over months in regions with dense seismic networks like Japan, USA or Europe. Ambient seismic noise has been studied in similar ways using Google Earth as interface. Examples can be downloaded at http://www.ligo.caltech.edu/%7Ejharms/data/GoogleEarth/. In the future, when the data processing is complete for a few decades, the next steps will be to study seismic bands globally over long periods of time and link them with global climatic evolution. Figure 
